A new physical mechanism to achieve spin-to-orbital angular momentum conversion based on the interaction of an intense circularly polarized (CP) laser beam with a plane foil is presented and studied for the first time. It has been verified by both simulation and theoretical analysis that vortex harmonics carrying orbital angular momentum (OAM) are generated after a relativistic CP laser beam, even a Gaussian beam, impinges normally on a plane foil. The generation of this vortex harmonics is attributed to the vortex oscillation of the plasma surface driven harmonically by the vortex longitudinal electric field of the CP beam. During the process of harmonic generation, the spin angular momenta of fundamental-frequency photons are converted to OAM of harmonic photon because of the conservation of total angular momentum. In addition, if an initially vortex beam or a spiral phase plate is used, the OAM of harmonic photon can be more tunable and controllable.
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The total angular momentum (TAM) of a light beam is composed of intrinsic spin angular momentum (SAM) and orbital angular momentum (OAM). The SAM is associated with the circularly polarization (CP) state. Each photon carries SAM of 1  = ( 1 = in this paper). The OAM is related to the spatial structure of wave front. A beam carrying OAM, named vortex beam [1] , has helical-shaped wave front, and can be used as an ideal probing and manipulating tool in wide fields, such as optical manipulations [2] [3] [4] , optical communications [5, 6] , quantum information and computation [7] , superresolution microscopy [8] , and even astrophysics [9] .
In the field of optical material, some optical elements, such as q-plate [10] [11] [12] [13] [14] , semiconductor microcavities [15] , and elements using metasurface [16] [17] [18] [19] can be used to realize spin-to-orbital angular momentum conversion by changing the direction of photon spin [20] , therefore only 2 angular momentum could be converted from SAM to OAM with these techniques. In this letter, we present a completely different mechanism to achieve the tunable and controllable conversion from spin to orbital angular momenta based on high-order harmonic generation (HHG) when an intense CP light beam interacting with a plane foil. This mechanism could provide deep insight into the nature of spin and orbital angular momenta.
According to previous results [21] [22] [23] , a CP beam normally irradiating on a plane foil cannot generate harmonics. Here we demonstrate it is actually possible to generate the harmonics, because the longitudinal electric field of the CP beam induced by the finite focal size could drive the plasma surface to oscillate harmonically. Surprisingly, the generated harmonics are vortex beams. This is because the SAM of harmonic photons can only be ±1 , and the extra SAMs of the fundamental-frequency light are converted to OAM due to the conservation of TAM during HHG process. In the similar way, this conversion also exists in the interaction between vortex beam and spiral phase plate (SPP) target. Therefore, the OAM of harmonic photons can be more tunable and 3 controllable. This mechanism has some potential applications in ultra-bright, extreme ultraviolet vortex attosecond physics, optical manipulation and quantum information field.
To revealing the physical mechanism, three-dimensional particle-in-cell (PIC) simulations are performed based on EPOCH [24] , where a relativistic CP Gaussian beam impinges normally on a plane foil. The driving laser beam propagates along z-axis, its transverse electric field is described as 
The simulation box is 20 ( ) 20 ( ) 12 ( )
The plane foil has a density of 10nc and occupies the region 10 When the driving CP beam interacts with the foil, harmonics is generated in the reflected beam. The harmonics are still CP beams, which can be verified in latter theoretical analysis. Therefore, we only focus on y-component of the electric field, Ey. The fundamental-frequency beam in the reflected light is still Gaussian, as shown in Fig. 1 (a) and 1(d). However surprisingly, Fig. 1 of nth harmonic photon can be tuned and controlled by changing these three parameters. And a low order harmonic with a high OAM is achievable. Table 1 shows the simulation results under different conditions. The plane foil and
Gaussian beam corresponding to ls=0 and l0=0, respectively. Simulations indicate that the OAM of nth harmonic photon follows the rules: 
Besides, it should be noted that the harmonic is stronger when we use a vortex driving beam or SPP target, because the phase plane of LG laser and the SPP surface are helical, which means the beam is incident obliquely at a small angle and the harmonic generation efficiency for CP driving beam is increased.
In physics, the spin-to-orbital angular momentum conversion is required by the conservation of TAM. The details of how the harmonics are generated are not important for above phenomenon. Even for HHG due to laser atom interaction, same results should be obtained. But here to understand the mechanism how the SAM is converted to OAM in our condition, let us analyze the HHG induced by the CP beam in theory firstly. In Coulomb gauge, the vector potential of the driving CP beam can be expressed in a standing wave form due to the reflection on the foil,
where A0 is the amplitude, 
It is well known that the HHG results from the collective oscillating motion of electrons. In the existed harmonic generation theory [21] [22] [23] , harmonics are radiated by the oscillating plasma surface driven by the pondermotive force of the laser beam. For a linearly polarized laser, the ponderomotive force oscillates at twice the frequency of driving laser beam, thus only odd harmonics are generated when the driving laser impinges normally on the foil. However, for a CP laser, the ponderomotive force is constant, and no harmonics are generated at all. Here, the mechanism of the harmonic generation is completely different, Eq.
(2) indicates a longitudinal electric field, Ez, is induced because of the finite transverse profile of the CP laser beam. This longitudinal electric field contains a rapid oscillation factor with the laser frequency, and drives the plasma surface to oscillate at the same frequency. Consequently, both odd and even harmonics can be generated. In addition, Ez has a vortex phase ( ) exp i similar to an
LG beam with a topological charge of 1 as shown in Fig. 3 , which plays an important role in the angular momentum conversion in HHG process. We notice that Ez is proportional to Next, we focus on the physical mechanism of angular momentum conversion 9 in HHG process. The plasma surface is driven harmonically by the longitudinal electric field of the CP beam, and its motion can be described by ( ) ret Zt [22] ,
is the retarded time at the observation point zobs.
Under the lowest order approximation we obtain
the polarization of the harmonic is the same as the driving light beam, and the transverse components of the reflected electric field is given by In conclusion, we present a new mechanism to achieve the spin-to-orbital angular momentum conversion based on HHG process when an intense CP beam interacting with a plane foil. In the HHG, since the SAM of a photon can only be 1  , the extra SAMs of fundamental-frequency photons would be converted to OAM due to the conservation of TAM. This mechanism has been verified by the simulation and theoretical analysis, it provides a deep insight into spin-to-orbital angular momentum conversion. The presented angular momentum conversion has some potential applications in ultra-bright, extreme ultraviolet vortex attosecond physics, optical manipulation and quantum information field. This work opens a new window in study of the spin-orbital interaction in optics.
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